Background: Hyperalgesia that develops following nerve ligation corresponds temporally and in magnitude with the number of thalamic mast cells located contralateral to the ligature. We tested the possibility that mast cells modulate nociception centrally, similar to their role in the periphery. Methods: We examined the central effect of two hyperalgesic compounds that induce mast cell degranulation and of stabilized mast cells using cromolyn. Results: Thermal hyperalgesia (tail flick) induced by nerve growth factor (NGF, a neurotrophic compound) and mechanical hyperalgesia (von Frey) induced by dynorphin A (1-17) (opioid compound) each correlated with the per cent of thalamic mast cells that were degranulated. Degranulation of these mast cells by the central injection of compound 48/80, devoid of neurotrophic or opioid activity, was sufficient to recapitulate thermal hyperalgesia. Stabilization of mast cells by central injections of cromolyn produced no analgesic effect on baseline tail flick or von Frey fibre sensitivity, but inhibited thermal hyperalgesia produced by compound 48/80 and tactile hyperalgesia induced by dynorphin and by Freund's complete adjuvant. Finally, chemical nociception produced by the direct activation of nociceptors by formalin (phase I) was not inhibited by centrally injected cromolyn whereas chemical nociception dependent on central sensitization (formalin-phase II and acetic acid-induced abdominal stretches) was. Conclusions: These convergent lines of evidence suggest that degranulation of centrally located mast cells sensitizes central nociceptive pathways leading to hyperalgesia and tonic chemical sensitivity. Significance: Hyperalgesia induced by spinal nerve ligation corresponds temporally and in magnitude with degranulation of thalamic mast cells. Here, we provide evidence that hyperalgesia induced by NGF, formalin and dynorphin also may depend on mast cell degranulation in the CNS whereas cromolyn, a mast cell stabilizer, blocks these effects in mice.
Background
In the periphery, mast cells are located in close proximity to primary afferent C-fibres that transmit nociception, i.e. nerve activity related to pain sensation. They are not involved in the mediation of pain signals but they support increased nociceptive sensitivity (Chatterjea et al., 2012) and can sensitize surrounding fibres (Heron and Dubayle, 2013) and cause hyperalgesia, i.e. enhanced sensitivity to pain. In contrast, mast cell stabilization attenuates hyperalgesia (Woolf et al., 1996; Parada et al., 2001; Zuo et al., 2003; Oliveira et al., 2011; Yasuda et al., 2013) . Chemicals released from activated nociceptors, in turn, increase mast cell activity (Matsuda et al., 1989 ) creating a positive feedback loop that has been proposed to support the transition from acute to chronic and to neuropathic pain (Austin and Moalem-Taylor, 2010) .
In the parenchyma of the mouse brain, mast cells are almost exclusively located in the thalamus and are less abundant on dura and pia (Florenzano and Bentivoglio, 2000; Silverman et al., 2000) . They can be numerous in the leptomeninges but this area is highly variable (Rats: Dropp, 1972 Dropp, , 1976 Florenzano and Bentivoglio, 2000; Goldschmidt et al., 1984; Mice: Yang et al., 1999) . Mast cells are sensitive to stress (Esposito et al., 2001 ) such that acute immobilization or even simple handling can cause mast cells to degranulate, including those in the thalamus (Persinger, 1980; Theoharides et al., 1995) . Stressinduced mast cell degranulation may be due to corticotropin-releasing factor (CRF) and its related proteins, urocortin I, urocortin II or urocortin III (Theoharides et al., 2004; Paus et al., 2006) , which activate CRF1 or CRF2 receptors on mast cells (Theoharides et al., 1995; Singh et al., 1999; McEvoy et al., 2001) .
The role of mast cells in the central nervous system (CNS) is unclear and cannot be extrapolated from that in the periphery as their vesicular content depends on the tissue in which they reside (Kitamura, 1989; Galli, 1990; Zhuang et al., 1999) . However, mediators released locally from central mast cells are known to alter permeability of the bloodbrain barrier (Zhuang et al., 1996; Esposito et al., 2001) and can further increase populations of mast cells by chemotactic activity (Halova et al., 2012) . Based on their distribution in the thalamus, including the somatosensory thalamic nuclei, these mast cells are especially well positioned to influence key relay stations for nociception in a fashion similar to those abutting nerves in the periphery (Kovacs et al., 2006) .
The question arises whether activation of centrally located mast cells influences nociception, similar to their effect in the periphery, and the impact of such an action. To test this hypothesis and to determine the modalities affected, we explored the relationship between central mast cells and behavioural nociceptive responses used to reflect nociception in mice. We measured changes in nociception relative to the incidence of mast cell degranulation in various models of hyperalgesia. We studied the correlation between the incidence of mast cell degranulation in the thalamus and the degree of hyperalgesia (i.e. enhanced nociceptive responses) induced by central injections of two distinctly different hyperalgesic compounds whose common effect is to induce mast cell degranulation. The first was nerve growth factor (NGF) (Horigome et al., 1993) , a compound that also interacts with the TrkA receptor (Hao et al., 2000) , and the second was dynorphin A (1-17) (Sugiyama and Furuta, 1984) , a compound that also interacts with the kappa-opioid receptor (Laughlin et al., 2001) . We then determined whether central injection of compound 48/80, a mast cell degranulator devoid of neurotrophic or opioid activity, was able to recapitulate and cromolyn, a mast cell stabilizer, to inhibit these hyperalgesic responses. To determine whether cromolyn merely inhibits neuronal activity directly, we compared the effect of cromolyn on thermal and tactile behavioural nociceptive responses to that on hyperalgesia, which is dependent on sensitization. We also compared the selectivity of cromolyn's effect on tonic chemical nociceptive activity supported by central sensitization to its effect on phasic chemical pathways where it is not. Although each manipulation alone is not exclusively selective for mast cells, these lines of investigation converge to provide evidence suggesting that thermal and tactile hyperalgesia and tonic chemical nociception are linked to central mast cell activity. In contrast, baseline thermal and mechanical nociceptive responses and phasic chemical nociceptive responses, whose magnitude does not appear to depend on central sensitization, does not appear to depend on central mast cell activity.
Methods

Animals and housing
Adult male or female Swiss Webster mice weighing 20-25 g (Harlan Sprague Dawley, INC; Indianapolis, IN) were housed four (males) or five (females) per cage and allowed to acclimate for at least 1 week prior to use. Mice had free access to food and water, and were housed in a room with a constant temperature of 23°C on a 12-h light-dark cycle. Females were used except where indicated in figure legends as our preliminary studies suggest that the activity of their mast cells corresponds better temporally and in magnitude with nociceptive responses than those in males (Taiwo et al., 2005) . Genetically mast celldeficient mice were not used as they would not allow us to differentiate between effects produced by deficiencies in central mast cells from those produced by an absence of peripheral mast cells. All procedures were approved and performed according to the guidelines of the International Association for the Study of Pain (IASP), the University of Minnesota Animal Care and Use Committee, and the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council (DHEW Publication NIH 78-23, revised 1995).
Drugs and chemicals
All chemicals and drugs were purchased from Sigma-Aldrich Corporation (Saint Louis, MO) and dissolved in saline. We compared the sensitivity of hyperalgesia to cromolyn in models of hyperalgesia caused by the central injection of compounds (NGF and dynorphin) with known abilities to induce, amongst a variety of effects, mast cell degranulation. Dynorphin A (1-17) (dynorphin) was injected intrathecally (i.t.) daily for 3 days at a dose of 3 nmol and a volume of 10 lL and the mice were tested for tactile sensitivity in the von Frey fibre assay 24 h after the last injection. Although dynorphin has been reported to induce hyperalgesia in mice after a single injection (Laughlin et al., 2001) , repeated injections were necessary in our experiments, consistent with the variability reported in mice on personal communication with the authors who originally described that effect. NGF or cytochrome C were delivered intracerebroventricularly (i.c.v.) at 1 lg/10 lL (while mice were under isoflurane anaesthesia) and tested in the von Frey fibre assay 48 h later. Cytochrome C was used as a control protein (Hao et al., 2000) as it is a similar size as NGF but is non-neuroactive. Compound 48/80 was injected i.t. at 1 lg/10 lL and tested in the tail flick assay 24 h later. The mast cell stabilizing sodium salt of cromolyn (Mazzari et al., 1996) was injected i.t. at a dose of 50 lg/20 lL 15-60 min before other drugs or behavioural testing, as stated in the figures.
Drug delivery
These studies required central injection of drugs to influence the target tissue to differentiate the effect of these drugs on central versus peripheral mast cells. The central injection of these compounds minimizes the possibility that their effects result from degranulation of peripheral mast cells. To avoid the use of i.c.v. injections that require anaesthesia and cause sufficient stress to temporarily influence pain sensitivity, and to avoid tissue damage associated with i.c.v. injections, we used intrathecal injections for all centrally injected compounds except NGF, whose effects persist for several days, allowing recovery from the stress of injection. Injection of all other compounds into the CNS was accomplished using intrathecal injections delivered at the L5-L6 intravertebral space using a 30-gauge, 0.5 inch disposable needle on a 50 lL Luer tip Hamilton syringe in lightly restrained, unanaesthetized mice (Hylden and Wilcox, 1980) . Drugs injected i.t. were dissolved in relatively large volumes that are known to distribute supraspinally (reviewed by Fairbanks, 2003) . Consistent with this, our preliminary studies of the intrathecal injection of a dye indicate that a 20 lL-volume distributes to the ventricles within 5 min whereas injections of 2 lL i.t. remain in the spinal cord area. This is consistent with the report that 5 lL is the upper limit that can be injected without appreciable and rapid redistribution to the basal cisterns of the mouse brain (Rieselbach et al., 1962) .
Freund's complete adjuvant
To determine whether tactile mechanical sensitivity produced by other models of hyperalgesia was also sensitive to the inhibitory effect of cromolyn injected centrally just as they are to cromolyn injected peripherally, 20 lL of 50% Freund's complete adjuvant (FCA) or saline was delivered intradermally (i.d.) into the plantar surface of both hind limbs and hyperalgesia measured by the application of von Frey fibres before and 24 h after injection.
Von Frey fibre assay
Mechanical sensitivity to von Frey fibres (# 3.22 = 0.16 g, # 3.84 = 0.6 g or # 4.17 = 1.4 g) was measured daily for at least 3 days to establish a baseline. After injection, mice were placed on a wire mesh grate under a glass 6-ounce (177 mL) custard cup, which prevents escape but allows movement of all four limbs and head. The von Frey fibre was applied 10 times to the plantar surface of each hind paw, to the point of bending. A positive response was defined as a sudden, brisk lifting, shaking or licking of the paw. Typically 2-3 medium-sized fibres were initially used 15 min apart (Fang et al., 2003) to produce responses that include a spectrum from allodynic (light touch perceived as nociceptive) to hyperalgesic (enhanced nociception). We then used the fibre size that provided responses of sufficient magnitude to be inhibited by pharmacologic manipulations but also small enough to be potentiated. The number of positive responses/paw to the #3.84 von Frey fibre out of 10 was totalled and used as the mechanical sensitivity in experiments evaluating the sensitivity of responses to cromolyn.
Formalin assay
Response to the injection of formalin result in two waves of behavioural responses: phase I is generally described as phasic and neurogenic, resulting from direct activation of chemical nociceptors, whereas tonic Phase II responses result from the central sensitization of nociceptive pathways leading to motor responses (Coderre and Melzack, 1992) . To determine the role of central mast cells in models of chemical pain that allowed us to differentiate between responses brought about by direct activation of nociceptors (phase I of the formalin assay) compared to responses produced by sensitization of nociceptive pathways (phase II of the formalin assay and acetic acid-induced behaviours) we also used the formalin assay and the acetic acid-induced abdominal stretch assay (Shibata et al., 1989; Coderre and Melzack, 1992; Altier and Stewart, 1999) . These studies assessed whether responses were sensitive to the inhibitory effect of cromolyn injected centrally just as they are to cromolyn injected peripherally (formalin phase II: Parada et al., 2001 ; acetic acid-induced abdominal stretches: Ribeiro et al., 2000) . During the formalin assay, mice were placed individually into plastic cylinders at least 30 min before the injection of formalin. Phase I is generally described as phasic and neurogenic, resulting from direct activation of chemical nociceptors, whereas tonic Phase II responses result from the central sensitization of nociceptive pathways leading to motor responses (Coderre and Melzack, 1992) . Each mouse was injected subcutaneously (s.c.) in the dorsal surface of the left rear paw with 20 lL of 5% formalin in 0.85% NaCI using a 30-gauge needle. The mouse was immediately returned to the cylinder and the number of behaviours (when the mouse shook, licked or bit the injected foot) was monitored over 5-min intervals during phase I (0-15 min) and phase II (15-50 min). The two phases are mediated by distinctly different pathways, as indicated by their sensitivity to distinct activation of stress-induced antinociceptive pathways (Altier and Stewart, 1999) and analgesic drugs. For example, all formalininduced responses are centrally mediated, as indicated by the ability of opioid compounds to inhibit both Phase I and Phase II responses. However, Phase I responses are relatively more sensitive to desensitization of primary afferent C-fibres by capsaicin whereas phase II responses are relatively more sensitive to non-steroidal anti-inflammatory drugs such as aspirin (Shibata et al., 1989) .
Abdominal stretch assay
Mice were injected intraperitoneally (i.p.) with 0.3 mL of 1% acetic acid and placed immediately in a large glass cylinder containing approximately 2 cm of bedding. The number of abdominal stretches in a 10-min interval was counted beginning 5 min after injection (Fang et al., 2003) . The abdominal stretch assay is widely believed to reflect a mild chemical nociceptive response that is used to screen for nonnarcotic analgesics as it involves centrally mediated behaviours in response to the peripheral release of compounds, such as prostaglandins (Collier et al., 1968) .
Tail flick assay
Animals were manually restrained and the tail submerged to a distance of 1 cm from the base of the tail in a water bath maintained at 53 AE 1°C (Fang et al., 2003) . The withdrawal latency was defined as the time required for the animal to withdraw its tail from the water and is widely used to reflect thermal nociception. To avoid tissue damage, cut-off times of 15 sec were utilized.
Tissue collection, staining and counting of the mast cells
Mice were euthanized at the same time of day to avoid any influence of circadian rhythm. Mice were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) prior to transcardial perfusion with 15 mL of ice-cold phosphate-buffered saline (PBS, pH 7.4) followed by 35 mL of ice-cold PBS containing 4% formaldehyde (pH 6.9). After perfusion, brains were rapidly removed and stored in the same fixative solution overnight and thereafter in PBS solution containing 30% sucrose for an additional 2 days at 4°C. The diencephalon from the anterior commissure to the rostral midbrain was cut at 40 lm in the coronal plane using a freezing sliding microtome. Tissue slices were mounted on gelatin-coated slides and stained with 0.125% acidified (pH: 2-2.5) aqueous toluidine blue O solution (JT Baker Chemical, Phillipsburg, NJ) for 30 min. After staining, sections were dehydrated in increasing alcohol series, dipped in xylene, and coverslipped using DPX solidifying mountant (Sigma). Cells were mapped based on The Mouse Brain Stereotaxic Coordinates (Paxinos and Franklin, 2001 ).
Toluidine blue stain attaches to glycosaminoglycans in mast cell granules allowing mast cells to be identified by their metachromatic, purple, cytoplasmatic granules, in contrast to the neurons and surrounding tissue, which are stained light blue. The degree of degranulation is commonly used to reflect activation of mast cells. Granulated mast cells are dark, the metachromatically stained granules packed densely in the cells with no individually isolated granules detectable (Fig. 1) . Degranulated mast cells are pinker and paler in appearance, their individual granules are distinctly separated or completely absent. In case of ongoing degranulation, toluidine blue-stained granules are found in close vicinity to the cell. We have found a high correspondence (95%) between the findings by different observers using this approach. Because the numbers of mast cells in rodents vary widely among sections and are distributed in clusters near the vasculature, serial reconstruction of the whole thalamic area is necessary to account for all cells (Coggeshall and Lekan, 1996; Guillery and Herrup, 1997) . Mast cells with visible nuclei in the focal plane were counted and the Abercrombie correction factor was used to minimize the possibility of double counting of cells in consecutive tissue sections (Abercrombie, 1946) .
Data analysis
Mean values (AE S.E.M.) are presented throughout the figures. Statistical analysis of the results was performed using a two-tailed Student's unpaired t test between two groups or a one-way ANOVA followed by post hoc Tukey's test for comparison between multiple groups tested at the same time, as indicated. We also determined the degree of correlation between the behavioural and mast cell parameters of mice using the Pearson's correlation coefficient (r). In all cases, a difference was considered significant if the probability that it occurred because of chance alone was less than 5% (p < 0.05).
Results
3.1 Does degranulation of toluidine blue-stained thalamic cells correlate with nociceptive behaviours?
Dynorphin 1-17 and von Frey fibre sensitivity
Degranulation of mast cells can be produced by many positively charged peptides (reviewed by Mousli et al., 1990) , including the endogenously occurring opioid peptide dynorphin (Sugiyama and Furuta, 1984) . This compound not only induces mast cell degranulation, but it also enhances tactile nociceptive sensitivity when injected i.t. in mice (Laughlin et al., 2001) . Consistent with this, we observed an increase in the mean number of behavioural responses to a von Frey fibre, 24 h after the last of three daily injections of dynorphin A (1-17) (3 nmol/10 lL i.t.) when compared to the sensitivity to von Frey fibres after saline (Fig. 2 insert) . When killed immediately after behavioural testing, von Frey fibre responses correlated positively with the per cent of mast cells that were found to be degranulated in the thalamus of mice injected with dynorphin ( Fig. 2A) . This correlation suggests that the greater the degree of mast cell activity, the greater the sensitivity of mice to tactile mechanical nociception. Comparable values from saline-injected controls formed no significant correlation (Fig. 2B ). In addition, no statistically significant correlations between the number of mast cells and nociceptive behaviours were found.
Nerve growth factor (NGF) and tail flick latencies
NGF can also activate mast cells (Horigome et al., 1993) and mast cells can synthesize and release NGF (Leon et al., 1994) . Because NGF has been shown to cause thermal hyperalgesia, we studied the effect of centrally injected NGF on the degranulation of mast cells in the thalamus relative to tail flick latencies after injection of this protein. Consistent with previous studies (Hao et al., 2000) , i.c.v. injection of NGF (1 lg/10 lL) appeared to induce thermal hyperalgesia 48 h later, as indicated by decreases in the mean tail flick latencies measured at 53°C when compared to those after injection of cytochrome C, the inactive control protein (Fig. 3 insert) . In the group injected with NGF, tail flick latencies correlated negatively with the per cent of thalamic mast cells that were degranulated (Fig. 3A) such that the greater the incidence of degranulation, the lower the tail flick threshold. Tail flick latencies after injection of cytochrome C did not correlate with thermal sensitivity (Fig. 3B) . In addition, no statistically significant correlations between the number of mast cells and nociceptive behaviours were found.
Does compound 48/80 induce hyperalgesia?
Effect of compounds 48/80 on tail flick latencies
Administration of compound 48/80, a mixed polymer, is widely used for non-IgE-dependent stimulation of mast cells. We used this polymer to determine whether compounds that are able to induce the degranulation of mast cells but are devoid of either neurotrophic or kappa-opioid receptor activity, are also capable of inducing hyperalgesia when injected centrally. We found that compound 48/80 (1 lg/10 lL), injected intrathecally 60 min after an intrathecal injection of saline, decreased tail flick latencies 24 h later when compared to their baseline control values (Fig. 4) , suggesting thermal hyperalgesia, while those injected with saline did not (data not shown). Saline was injected as a control for the effect of cromolyn, as described in the next section.
Does cromolyn inhibit hyperalgesia?
3.3.1 Effect of cromolyn on compound 48/80-induced decreases in tail flick latencies
Cromolyn was used to determine whether compounds that are capable of stabilizing murine mast cells (Mazzari et al., 1996) prevent the apparent Figure 2 Correlation between the per cent of mast cells that are degranulated and von Frey fibre sensitivity after dynorphin A (1-17). (A) Dynorphin (n = 8) or (B) saline (n = 7) was injected daily for 3 days (3 nmol/10 lL i.t.) in male and female mice and von Frey fibre sensitivity measured 24 h after the last injection. The insert depicts the mean (AESEM) number of behavioural responses to a #3.84 von Frey fibre in each group (males and females housed and tested separately). A significant difference between these means was determined using an unpaired Student's t-test. The relationship between thalamic mast cell degranulation and von Very fibre responses in the main graphs were studied by calculating correlation coefficients (r) and the probability that each correlation is significant (p), as indicated, after injections of dynorphin or saline. Throughout the figures, Pearson's correlation coefficients, Student's t-tests and analysis of variance (ANOVA) each used a cut-off of p < 0.05 as statistically significant, as indicated by an asterisk.
hyperalgesic effects produced by diverse compounds whose actions include an ability to induce mast cell degranulation. Pretreatment of mice with cromolyn (50 lg/20 lL i.t) 60 min prior to compound 48/80 (1 lg/10 lL i.t.) prevented the decrease in tail flick latencies, consistent with inhibition of the thermal hyperalgesic effect of compound 48/80 (Fig. 4) .
Cromolyn on dynorphin-induced increases in von Frey fibre sensitivity
To determine whether the increase in von Frey fibre sensitivity induced by dynorphin not only correlates with mast cell degranulation, but also depends upon degranulation for its activity, we injected cromolyn (50 lg/20 lL i.t.) or saline prior to each daily injection of dynorphin (3 nmoles/10 lL i.t.). Daily injections of dynorphin 15 min after saline increased the number of von Frey responses 24 h following the last injection, consistent with mechanical hyperalgesia. However, this effect of dynorphin was prevented by cromolyn (50 lg/20 lL, i.t.), delivered prior to each injection of dynorphin (Fig. 5A) . There was no effect of this dose and route of cromolyn on baseline von Frey fibre sensitivity in the absence of dynorphin, suggesting that the effect of cromolyn was selectively anti-hyperalgesic rather than antinociceptive.
Cromolyn on FCA-induced increases in von frey fibre sensitivity
In the light of its effect on dynorphin-induced von Frey fibre sensitivity, we explored the effect of cromolyn on the increase in tactile sensitivity induced by FCA, a model of inflammatory pain whose effect on central mast cells is not known. Twenty-four hour after injection into both hind paws, FCA (20 lL of 50% i.d.) increased responses to a von Frey fibre (#3.84). Injection of saline 30 min prior to FCA and again 30 min prior to testing for von Frey fibre sensitivity failed to inhibit FCA-induced increases in von Frey fibre sensitivity compared to those after saline (Fig. 5B) . However, pretreatment with cromolyn prevented the development of the hyperalgesic effect of FCA when compared to the effect of saline plus FCA.
Cromolyn on formalin-induced behaviours
We then determined whether the inhibitory effect of cromolyn is restricted to mechanical and thermal models of hyperalgesia or whether other modalities of nociception are susceptible. Using the formalin model of chemical pain allowed us to compare the effect of cromolyn on chemical nociceptive responses that are produced by direct activation of primary afferent fibres (phase I, 0-5 min) to those resulting from central sensitization of distinct nociceptive pathways (phase II, 5-15 min). The mean cumulative behaviours observed during these two phases are summarized in the insert of Fig. 6A .
Pretreatment with cromolyn (50 lg/20 lL, i.t.) 15 min before injection of formalin attenuated the flinching and licking behaviours during phase II but not phase I of the formalin assay (Fig. 6A) . When separate groups of mice were pretreated with Figure 3 Correlations between the per cent of mast cells that are degranulated and decreases in tail flick latency induced by NGF. (A) NGF (n = 5) or (B) cytochrome C (n = 5) was injected (1 lg/10 lL, i.c.v. in male mice) and 48 h later thermal nociception measured using the tail flick assay at 53°C. The insert depicts the mean (AESEM) tail flick latencies in the corresponding groups of mice. Significant differences in these means were determined using an unpaired Student's t-test and was indicated by an asterisk. The relationships between mast cell degranulation and tail flick latencies were studied by calculating correlation coefficients (r) and the probability that the correlation is significant (p).
cromolyn at the same dose (50 lg) but in a smaller 5-lL volume, to restrict the distribution of cromolyn to the area of the spinal cord, behavioural responses to formalin were not reduced in spite of the higher concentration of the injected drug in the spinal area (data not shown). This suggests that the influence of cromolyn on formalin when injected in the 20-lL volume came about by its action in the brain rather than in the spinal cord area. It also indicates that the action of cromolyn in the spinal cord was insufficient to inhibit formalin-induced nociceptive activity.
Cromolyn on acetic acid-induced behaviours
To confirm the inhibitory effect of cromolyn on chemical nociceptive pathways that are dependent on tonic sensitization, we also tested the effect of cromolyn on acetic acid-induced abdominal stretching behaviours. Using this assay, the i.p. injection of a noxious compound elicits a characteristic behavioural response that can be quantified. Intrathecal injection of cromolyn (50 lg/20 lL i.t.) 60 min before an i.p. injection of 1% acetic acid inhibited the mean number of abdominal stretches compared to those induced by the acid after pretreatment with vehicle (Fig. 6B) .
Conclusions
This study provides several lines of evidence supporting the possibility that mast cells located in the CNS contribute to increased sensitivity of various nociceptive modalities, similar to the well-known sensitizing effect of mast cells on nociceptors in the periphery.
Our first line of evidence is the strong correlational data between the incidence of mast cell degranulation in the CNS and both thermal (tail flick) and mechanical (von Frey) hyperalgesia, correlations that were not statistically significant in their respective controls. This approach is similar to that used to study peripheral mast cells in a population of patients with irritable bowel syndrome in which the number of activated mast cells within 5 lm of nerves in the colonic mucosa correlated strongly with the persistence and severity of their abdominal pain (Barbara et al., 2004) . In our study, decreases in the tail flick latency indicate that thermal hyperalgesia was induced by NGF, a neurotrophic compound (Hao et al., 2000) that also activates mast cells (Horigome et al., 1993) and increases in von Frey fibre sensitivity indicate that tactile mechanical hyperalgesia was induced by dynorphin, a kappaopioid compound (Laughlin et al., 2001 ) that also degranulates mast cells (Sugiyama and Furuta, 1984) . The correlations confirm the presence of these compounds in the brain and verify their ability to degranulate mast cells at the doses used.
These correlational data raise the possibility that hyperalgesia is linked to the degranulation of mast cells in the CNS, similar to the contribution of peripheral mast cells to hyperalgesia. However, correlations alone do not establish whether thalamic mast cells increase nociceptive sensitivity or, whether activation of nociceptive pathways degranulates thalamic mast cells. To explore whether degranulation of central mast cells is sufficient to cause hyperalgesia, our second line of inquiry was to establish compound 48/80's effect on nociception by its action of tail flick latencies. In spite of the fact that compound 48/80, a mast cell degranulating agent, lacked any neurotrophic or kappa-opioid receptor activity, when injected i.t., it decreased tail flick latencies, indicating a decreased thermal nociceptive threshold. This is consistent with its effect (1 lg/10 lL) and 60 min after an i.t. injection of saline or cromolyn (50 lg/20 lL). Baseline values of groups taken prior to injections did not differ from each other. The number of mice per group throughout the remaining figures is indicated at the base of the columns or in the key of each figure. Significant differences in the mean decreases in tail flick latencies were determined by comparing the two treatment groups using an unpaired Student's t-test.
peripherally in mice where topical application of compound 48/80 causes thermal hyperalgesia (Chatterjea et al., 2012) . When injected i.p. compound 48/80 also excites meningeal nociceptors (Levy et al., 2007) , increases C-Fos expression in spinal dorsal horn neurons (Levy et al., 2012) , and causes cutaneous and delayed tactile hypersensitivity, all in a cromolyn-sensitive fashion (Levy et al., 2012) , indicating that the effects of compound 48/80 are mediated by mast cell activity.
The third line of investigation, to determine the effect of compounds that stabilize mast cells on hyperalgesia, led us to examine the effect of centrally injected cromolyn on models of hyperalgesia. In spite of its lack of antinociceptive efficacy on thermal nociception (tail flick), central injections of cromolyn attenuated the thermal hyperalgesia produced by compound 48/80 i.t., consistent with the peripheral effect of cromolyn on compound 48/80 injected i.p. (Levy et al., 2012) . Cromolyn also prevented tactile hyperalgesia induced by dynorphin and by FCA, in spite of its lack of an antinociceptive effect on tactile nociceptive responses (von Frey fibre) in control mice. Peripheral effects of cromolyn (i.p.) in rats also suppress both thermal and mechanical hyperalgesia induced by nerve injury (Zuo et al., 2003) . These results are consistent with depletion of peripheral mast cell granular content (via chronic systemic administration of compound 48/80) that attenuates mechanical sensitivity induced by FCA in rats (Woolf et al., 1996) .
The fourth line of investigation was to determine whether the role of mast cells in chemical pain by direct activation of nociceptors differs from that in chemical pain induced by sensitization of nociceptive pathways. Cromolyn inhibited tonic behavioural responses following an injection of formalin (phase II), and abdominal stretch behaviours produced by an injection of acetic acid, both believed to result from sensitization of nociceptive pathways. However, in these same mice cromolyn was without effect on phase I formalin-induced responses thought to reflect a transient and direct activation of nociceptors. These findings closely mimic the spectrum of effects of cromolyn on peripheral mast cells as depletion of peritoneal mast cell populations (through multiple and increasing doses of compound 48/80 i.p.) also decreases acetic acid-induced behaviours in mice (Ribeiro et al., 2000) and reduces formalin-evoked flinching during phase II (Parada et al., 2001) .
When injected peripherally, it is unlikely that cromolyn inhibits mast cells in the CNS due to poor penetration of the blood-brain barrier (Norris, 1996) . Similarly, when injected centrally, the effects of cromolyn are not likely the result of peripheral actions as the dose used was small and delivery both i.c.v. and i.t. are highly reliable. Although spinal mast cells may be affected by i.t. injections, based on the volume injected, the long time-course of effects examined, and the location of mast cells more numerous in the thalamus than in the spinal cord, mast cells in the brain appear to be the most probable site of action. In support of this was the hyperalgesia produced by i.c.v. injections of NGF and the corresponding degranulation of mast cells in the thalamus. Although dynorphin was injected i.t., the volume delivered would not have remained exclusively in the spinal cord and the behavioural effects produced also correlated well with the degranulation of mast cells in the thalamus, an important area of sensory neurotransmission. Importantly, intrathecal injection of cromolyn in a small volume failed to prevent formalin-induced behaviours while the same dose in a larger volume did. This indicates that the action of cromolyn in the spinal cord is insufficient to inhibit nociceptive activity and suggests that the influence of cromolyn in a 20 lL-volume was probably due to its action in the brain. In summary, our data indicate that centrally located mast cells play a role in the development of hyperalgesia and suggest that the primary site of their action is in the brain.
In mice, mast cells are selectively distributed in the thalamus and not in the remaining parenchyma of the CNS (Florenzano and Bentivoglio, 2000; Silverman et al., 2000) . The ventral posterolateral (VPL) and ventral posteromedial (VPM) thalamic nuclei are somatotopically organized such that innervation from the body forms a homunculus within these two nuclei. The more densely innervated the body part, the larger the area on the homunculus. Degranulation of a single mast cell located in the periphery would be expected to impact only a small and localized area of the body. However, a single mast cell located in somatosensory areas of the thalamus is poised to influence input from a much larger area of the body. Based on this organization, the relative influence of mast cells along pain pathways might be greater in the CNS than in the periphery. Furthermore, their effect might be especially large in the relatively smaller areas of the homunculus that receive input from larger, but less densely innervated regions of the body. The population of central mast cells is not static. Repeated activation of mast cells is known to recruit additional cells, enlarging the existing population (Zhuang et al., 1996; Esposito et al., 2001; Lindsberg et al., 2010; Halova et al., 2012) . If thalamic mast cells are, in fact, pronociceptive, one might speculate that recruitment of additional mast cells to the CNS would exacerbate hyperalgesia. Consistent with this, unilateral spinal nerve ligation leads to an asymmetrical distribution of mast cells in the thalamus of mice and the intensity of tactile mechanical hyperalgesia induced by the ligation corresponds temporally and in magnitude with the relative incidence of thalamic mast cells contralateral to the ligature (Taiwo et al., 2005) .
We speculate that mast cells residing along nociceptive pathways in the thalamus contribute to the development of hyperalgesia, just as they do in the periphery. However, in addition to the degranulation of mast cells, compound 48/80 also has a direct excitatory action on enteric neurons and visceral afferents in guinea pigs (Schemann et al., 2012) , NGF interacts with TrkA receptors (Hao et al., 2000) and dynorphin binds kappa-opioid receptors (Chavkin and Goldstein, 1981; Zhu et al., 1997) , among others (Laughlin et al., 2001) . In a similar fashion, cromolyn produces direct effects on neuronal activity other than its well-characterized stabilization of mast cells (Mazzari et al., 1996) . Thus, it is prudent to consider the possibility that, in spite of their common link to mast cells, their effects on nociceptive activity may be unrelated to mast cells. However, the fact that cromolyn failed to influence tail flick latecies or von Frey fibre sensitivity in the absence of a hyperalgesic manipulation indicates that cromolyn has no inherent antinociceptive activity, as one might have expected if it acted on nociceptive neurons directly. Consistent with this, the two distinct chemical nociceptive pathways activated by formalin (reflected by phase I and II behaviours), were differentially sensitive to cromolyn, inhibiting phase II responses but not phase I. This selectivity of action argues against a simple inhibitory effect of cromolyn and together suggest that cromolyn prevents sensitization of nociceptive pathways by inhibiting mast cell activity rather than neuronal pathways themselves.
Even histological documentation of mast cell degranulation by each hyperalgesic compound and of mast cell stabilization by cromolyn would not provide cause and effect proof that their effects on nociception are brought about by their effects on mast cells. However, the strong correlations between hyperalgesic responses and degranulation of central mast cells together with the recapitulation of hyperalgesia by compound 48/80, the inhibition of these behaviours by cromolyn, and the inhibition of tonic but not phasic chemically induced behaviours together provide four convergent lines of evidence supporting the possibility that mast cells in the CNS contribute to sensitization of central nociceptive pathways leading to hyperalgesia.
This study is clinically relevant as stress is linked to exacerbation of pain in many chronic painful conditions (Theoharides et al., 1995) . Mast cells are not only a target for corticotropin-releasing factor (CRF) (Theoharides et al., 1995; Singh et al., 1999; McEvoy et al., 2001) , leading to mast cell degranulation, but they are also a source of CRF and urocortins . This suggests an autocrine function that may sustain their activity centrally. If mast cells in the CNS play a role in hyperalgesia, degranulation in response to CRF would be expected to enhance pain sensitivity. Increases in mast cell activity and number in response to repeated stressinduced degranulation might not only enhance pain, as suggested by spinal nerve ligation studies (Taiwo et al., 2005) , but also provide a new target for therapeutic interventions. Consistent with the possibility of a link between stress, CRF and hyperalgesia, we previously found that swim stress-induced musculoskeletal hyperalgesia in mice is brought about, in part, by CRF2 receptor activity (Abdelhamid et al., 2013) , a type that is expressed on mast cells (Theoharides et al., 1995; Singh et al., 1999; McEvoy et al., 2001) .
In summary, degranulation of mast cells in the CNS appears to be sufficient to induce hyperalgesia. Inhibition of mast cell activity selectively inhibits the effect of hyperalgesic manipulations but has no effect on thermal or tactile nociception. This, together with the inhibition of phase II formalin-and acetic acidinduced behaviours, but not formalin's phase I behaviours, by centrally injected cromolyn provide multiple converging lines of evidence that support the possibility that degranulation of centrally located mast cells plays a role in the modulation of nociception, similar to their effect in the periphery. Until compounds are available that induce or inhibit degranulation more selectively, our data do not prove the hypothesis that mast cells in the brain contribute to the hyperalgesia. However, because the dominant explanatory variable is an effect on mast cells, these data merit further study to address this possibility.
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